Vacuum, b-phase duration, and liner compression are 3 milking machine factors that affect peak milk flow rate; however, extreme values of these factors can also have negative effects on teat tissue health. The main and interactive effects of vacuum, b-phase duration, and liner compression on peak milk flow rate were studied by independently controlling these causal variables over a wide range of settings, using a central composite experimental design (42 to 53 kPa of system vacuum, 220 to 800 ms of b-phase, and residual vacuum for massage of 16 to 30 kPa; corresponding to a liner compression of 8 to 14 kPa). The results of this study indicated that increasing the vacuum and b-phase duration always increased peak milk flow rate (no relative maximum was reached); however, the rate of increase of flow rate decreased as the vacuum and b-phase were increased. Increasing the liner compression also increased peak flow rates, with an increasing effect at greater vacuum. The interaction between vacuum and liner compression and the lack of interaction between b-phase and liner compression indicate that for a corresponding increase in peak milk flow rate, increasing the b-phase produced less teat-end tissue congestion than increasing the vacuum. The effect of milking vacuum on peak milk flow rate was smaller than that reported in previous studies, probably because of the independent adjustment of milking vacuum and liner compression used in this study. The effect of b-phase duration on peak milk flow was also smaller in this study than in previous studies, probably because of the independent adjustment of b-phase and d-phase durations used in this study.
IntrODuCtIOn
For most of the past century, vacuum and the duration of the b-phase of pulsation (as determined by pulsation rate and ratio) have been regarded as the primary machine factors influencing peak milk flow rate (PMF) and milking speed. It is widely accepted that both PMF and milking speed increase as milking vacuum is raised (Smith and Petersen, 1946; Baxter et al., 1950; Stewart and Schultz, 1958; Clough, 1972; Rasmussen and Madsen, 2000; Spencer and Rogers, 2004; Spencer et al., 2007) . Peak milk flow rate and milking speed increased as the b-phase of pulsation was lengthened to approximately 600 ms (Clough, 1972; Spencer et al., 2007) , but decreased in one study when the b-phase was increased further to 750 ms (Clough, 1972) .
Increasing the vacuum and the b-phase (by changing either pulsation rate or ratio) increased teat congestion, as reflected by changes in teat wall thickness after milking, measured by using skin-fold calipers (Hamann, 1990; Hamann et al., 1993) or ultrasonic images Gleeson et al., 2004; Vinitchaikul and Suriyasathaporn, 2007) . Hamann and Mein (1996) concluded that a d-phase duration of at least 150 ms was enough to relieve congestion and that greater dphase durations resulted in little further decrease in congestion or increase in milk flow rate. A limitation of most of these pulsation studies is that the method used to lengthen the b-phase usually resulted in a concomitant shortening of the d-phase of pulsation.
Machine-induced congestion of teat tissues is relieved if liner compression (LC) during the d-phase of the pulsation cycle is of adequate magnitude and duration (Williams and Mein, 1982) . Congestion that develops in the liner-open phase during the peak milk flow-rate period of milking but that is not relieved by the available LC will have a direct influence on PMF (Williams and Mein, 1982) . Liner compression is a function of the physical dimensions of the liner, primarily wall thickness; the material properties of the liner, which change with time and use; liner mounting tension; and the pressure difference across the liner during the d-phase, which is affected by the milking vacuum (Mein et al., 2003) . In a typical milking system, increasing the milking vacuum will also increase LC. One previous study that used independent adjustment of LC and milking vacuum reported that increased LC resulted in increased PMF (Williams et al., 1981) ; however, the b-phase was far in excess of the practical duration for milking and was not varied. When LC is adjusted either by changing the liner type or by the experimental method described by Williams et al. (1981) , the b-phase and d-phase are also changed. Mein et al. (1987) predicted that LC equal to the mean arterial pressure of approximately 12 kPa would be sufficient to relieve congestion and that additional LC would provide no additional benefit. In a later review, Mein et al. (2003) postulated that the LC required to relieve congestion was related to the milking vacuum, with greater LC being required at greater vacuum.
The role of LC in reducing teat tissue congestion during milking, and thereby influencing PMF and milking speed, has become clearer in the last 20 yr (Thomas et al., 1991; Davis et al., 2000; Gleeson et al., 2004; Mein et al., 2004) . However, such studies have typically used the same liner at different vacuums or different liners at the same vacuum. These methods lack independent control of milking vacuum and LC and therefore cannot separate the main effects of individual variables or correctly assess the interaction between these 2 important aspects of milking.
The primary objective of this study was to quantify the milking machine effects of vacuum, b-phase, and LC on milk flow rates to gain a better understanding of the physiological responses of teat tissues to machine milking. This study was designed to control these 3 causal variables independently over a broad range so that both main and interaction effects could be estimated. Our primary interest was in the effects of vacuum, b-phase, and LC on PMF, but we also measured average milk flow rate (AMF) over the entire milking to gain further insight into the influence of these causal variables during the low-flow period of milking.
materIaLS anD metHODS

Milking Facilities and Procedures
This experiment was performed at the University of Wisconsin-Madison, low-level milkline, milking parlor. Treatments were applied during the p.m. milkings, allowing the a.m. milkings to reduce any possible carryover effects. The milking parlor operators used consistent preparation procedures for the duration of the experiment that consisted of predip application, manual forestripping, cleaning the udder with cloth towels, and then unit attachment. The resulting total premilking tactile stimulation was approximately 25 s, with a preparation lag time (time from the end of preparation to the attachment of the first teat cup) of approximately 60 s. Researchers were present at each p.m. milking to ensure consistency of the preparation routine, accuracy of data collection, and accuracy of cow identification.
Automatic cluster removers were set at a flow threshold of 0.6 kg/min and a detachment delay of 3 s. Milk flow meters were installed at each milking stall during the test period milkings (Lactocorder, WMB AG, Balgach, Switzerland). The a.m. milkings used the preexperimental milking system vacuum (44.5 kPa), pulsation rate (60 cycles/min), and pulsation ratio (60:40; a-phase = 161 ms, b-phase = 443 ms, c-phase = 173 ms, d-phase = 222 ms). The PMF data used for this analysis were as reported by the milk flow meter and were defined as the maximum observed milk flow rate from all 4 teats in any 11.2-s interval during the milking. Average milk flow rate was taken as the total milk yield per milking divided by the total machine-on time.
Milking system vacuum was adjusted at the regulator and confirmed with a calibrated vacuum gauge. Wet tests were performed with an artificial udder to determine the relationship between the system vacuum and average claw vacuum at various water flow rates. This relationship was linear and is described by the equation Pulsation rate and ratio were adjusted so that the b-phase corresponded to the treatment value while the d-phase was maintained at 250 ms for all treatments. The duration of the d-phase was chosen to be substantially longer than the International Organization for Standardization (Geneva, Switzerland) minimum of 150 ms, with the intent that the d-phase would not be a limiting factor in congestive relief for any of the treatments. The a-phase and c-phase of pulsation averaged 161 and 173 ms, respectively, and showed minimal changes across the range of experimental treatments. These changes were taken into account when adjusting the pulsation rate and ratio for each treatment, and the b-phase and d-phase durations were confirmed with a dry test of pulsation before each treatment.
New liners were installed in the milking parlor 3 d before the beginning of the experiment. The liners used for the study were commercial nitrile rubber liners, round in shape, with a mouthpiece opening diameter and midbarrel diameter of 19 mm, a wall thickness of 2.7 mm, and a touch point (vacuum required to collapse the liner and allow opposing walls to touch) of 13 kPa (Magnum 300, Bou-Matic, Madison, WI). The touch point of the liners was measured daily and did not change significantly during the experiment.
The residual vacuum for massage (RVM) is the vacuum difference across the closed liner during the d-phase of pulsation minus the touch point. The interior of the liner is exposed to the claw vacuum during the entire pulsation cycle. The exterior of the liner is exposed to the pulsation chamber vacuum, which alternates between the system vacuum (during the bphase) and atmospheric pressure (during the d-phase). A milking liner applies little or no compression to the teat at pressure differences across the liner up to the touch point. As the pressure difference across the liner is increased above the touch point, the compression applied to the teat increases. Measurements were performed on the liners used for this study to determine the relationship between RVM and LC. Liner compression was measured for 10 cows by using the beginning of milk flow method described by Mein et al. (2003) . Residual vacuum for massage was linearly correlated with the 10-cow average LC according to the equation: LC = 0.83 + (0.44 × RVM). In a conventional milking system, the pulsation chamber is opened to air at atmospheric pressure during the d-phase. In this experiment, RVM was controlled by adjusting the vacuum in the pulsation chamber during the d-phase of pulsation as described by Williams et al. (1981) .
Test Subjects
Test subjects were 77 Holstein cows milked twice per day at equal intervals. The average parity of the cows was 2.4, with a median of 2 and a range of 1 to 6. The stage of lactation for the experimental cows studied ranged from 19 to 680 DIM, with an average of 250 DIM. Milk production over the 23-d experimental period averaged 27 kg/cow per day and ranged from 12 to 50 kg/cow per day.
Experimental Design and Statistical Analysis
An inscribed central composite experimental design (CCD) was chosen for this study (National Institute of Standards and Technology, 2006; SAS Institute, 2008 ; Figure 1 ). The CCD procedure is an efficient method for developing multidimensional response surfaces by using second-order (quadratic) models with first-order interactions, without needing to use a complete 3-level factorial experiment. Five levels of each response variable are used, but not all combinations of these values appear in the design. The CCD is a composite of 3 separate components: the center point, the 8 corners of a cube forming a 2-level full factorial, and the star points in the center of each of the 6 faces. The inscribed CCD design results in 15 unique combinations of milking system vacuum, b-phase, and RVM, with the central point repeated 9 times to obtain an estimate of within-treatment variability. The 23 treatments were randomly assigned to the 23 test days (Table 1) Both linear and quadratic (curvature) terms for system vacuum and b-phase were significant. The quadratic term for RVM and the interaction between system vacuum and RVM were also significant. The overall fit of the model was very good, with an R 2 value of 0.966, and the deviation between the observed and predicted values showed no obvious trends (Table 1 and Figure 2 ). Peak milk flow rate increased continuously with increasing vacuum and with increasing b-phase over the entire range of experimental conditions (Figures 3, 4 , and 5), with an overall increase of nearly 50% from the lowest to greatest predicted values (from b-phase of 220 ms, vacuum of 42 kPa, RVM of 16 kPa, to b-phase of 800 ms, vacuum of 53 kPa, RVM of 30 kPa). The effects of both vacuum and b-phase on PMF were most pronounced at the lowest end of the predictive range and less pronounced at the upper end of the predictive range. The overall fit of the AMF model was also very good, with an R 2 value of 0.965, and deviations between the observed and predicted values also showed no obvious trends. Interaction terms (vacuum × RVM) and (vacuum × b-phase) were both significant in the AMF model. The predictive models indicated a much smaller response in AMF than PMF to vacuum, b-phase, and RVM (Figures 6 and 7) . Average milk flow rate also increased continuously with increasing vacuum and with increasing b-phase, but with an overall increase of only 30% from the lowest to greatest predicted values (from b-phase of 220 ms, vacuum of 42 kPa, RVM of 16 kPa, to b-phase of 800 ms, vacuum of 53 kPa, RVM of 30 kPa). There was no effect of RVM on AMF at a vacuum of 42 kPa and only a modest increase in AMF (0.2 kg/min) at a vacuum of 53 kPa when RVM was increased from 16 to 30 kPa (Figure 7 ).
DISCuSSIOn
The physical principles of milk removal lead to the expectation that PMF would increase with increasing vacuum applied to the teat end (increased vacuum) and with increasing duration of the pulsation cycle devoted to milk extraction (increasing b-phase). Congestion of teat tissues surrounding the teat canal will act to decrease its effective diameter and reduce PMF. The degree of tissue congestion was expected to increase with increases in both vacuum and b-phase and to be moderated by increases in LC (achieved by increasing RVM). The effect of RVM on PMF was used as an indication of the relative degree of teat tissue congestion produced by combinations of vacuum and b-phase. The effect on PMF of changing RVM from 16 to 30 kPa was approximately 0.2 kg/min at a vacuum of 42 kPa, whereas at a vacuum of 53 kPa, the effect of the same increase in RVM was approximately 3 times greater, or approximately 0.6 kg/min (Figure 6 ). This suggests that a greater degree of teat tissue congestion occurred at greater vacuum, accounting for the larger effect of congestive relief supplied by greater LC.
The positive relationship between RVM (and therefore LC) and PMF in this study agrees with the findings of Williams et al. (1981) and is consistent with the physiological principle suggested by Mein et al. (2004) that the LC required to relieve congestion increases as the milking vacuum increases. The lack of significant interaction between RVM and b-phase and the moderate influence of RVM on PMF as b-phase was increased suggests that extending the b-phase had much less influence on the development of teat tissue congestion during one pulsation cycle than did increasing the vacuum.
The much smaller response of AMF than PMF to both vacuum and b-phase is an indication of the negative influence of extreme levels of vacuum and b-phase during the low-flow period of milking. When a quarter moves into the low-flow period of milking, the internal pressure is reduced from a slightly positive value, resulting from the standing column of milk in the udder cistern and pressure supplied by milk ejection, to a negative value (vacuum). The vacuum developed in the teat sinus increases during the course of the low-flow period of milking and results in congestion in the walls of the teat barrel. This congestion is not effectively relieved by the liner, which can collapse only around the end of the teat.
The effect of vacuum on PMF predicted from this study (using a b-phase of 500 ms and an RVM of 23 kPa) was compared with previous studies (Figure 8) . The slope was similar for all studies, whereas the magnitude of PMF from this study was comparable with those reported by Clough (1972) , Rogers (2004), and Spencer et al. (2007) . The very early study by Stewart and Schultz (1958) and the more recent study by Rasmussen and Madsen (2000) reported much lower PMF rates than in this study. There are several possible causes for the lower PMF values reported in these studies: 1) The interval over which PMF was measured in our study was 11.2 s, whereas these studies may have used longer measurement intervals. 2) These studies used high-level milk lines, which produce a greater system-to-claw vacuum drop than low-level milk lines during the peak flow period.
3) The effective diameter of teat canals of the cows used in these studies may have been smaller than in our study. Holstein cows in the United States have been selected for faster milking, which may account for differences between the cows used in this study and those used by Stewart and Schultz (1958) . There may also be differences in the genetics of US Holsteins and the cows used in the Danish study by Rasmussen and Madsen (2000) .
The relationship between the b-phase and PMF predicted from this study (with a vacuum of 47.5 kPa and an RVM of 23 kPa) was also compared with previous studies (Figure 9 ). The b-phase duration from previous studies was approximated from the reported pulsation rate and ratio. Peak milk flow rate was comparable across all studies for b-phase, in the range of 500 to 600 ms. Spencer and Rogers (2004) and Spencer et al. (2007) reported an interaction between pulsation ratio and vacuum, whereas in this study, we did not find an interaction between vacuum and b-phase. These interactions may have resulted from a reduction in the d-phase of pulsation when the b-phase was increased by increasing the pulsation ratio while holding the pulsation rate constant. The decoupling of changes in the b-phase and d-phase of pulsation also likely accounts for the reduced slope of the PMF/b-phase relationship in this study as compared with previous studies. The reduction in PMF at a b-phase of 750 ms reported by Clough (1972) is likely the result of a severely shortened d-phase at the greatest pulsation ratio (Williams et al., 1981; Hamann and Mein, 1996) .
It is important to put these PMF results into the broader perspective of milking management. The objective of this experiment was to gain a better understanding of the physiological effects of machine milking. We used a much wider range of milking conditions than those common in practice. The choice of vacuum, bphase, and LC in practice is a balance between milking quickly, gently, and completely. This experiment did not include direct measures of teat tissue reactions or teat skin condition in either the short or long term. This experiment applied extreme conditions for only one milking, and it was apparent that cow comfort during milking and teat tissue condition after milking were compromised under some of the conditions. Liner compression is positively correlated with vacuum for any individual liner (Bade et al., 2007) , and hyperkeratosis is positively correlated with LC (Mein et al., 2003) . If vacuum is increased in an effort to increase milking speed, increased hyperkeratosis will likely result. Postmilking openness of the teat canal also appears to be related to vacuum, LC, milking duration, and teat congestion (Mein et al., 2001) so that increasing the vacuum may also increase this risk. The increases in AMF with increasing vacuum and b-phase were not as large as the corresponding increases in PMF. Increasing the vacuum, b-phase, and LC above currently accepted practice could produce slightly faster milking (AMF); however, these settings would likely produce increased hyperkeratosis, increased postmilking teat-end congestion, and possibly more open teat ends after milking.
COnCLuSIOnS
Peak milk flow rate increased continuously with increasing vacuum, b-phase, and RVM over the wide range of values tested in this study (no relative maximum was attained); however, the magnitude of increase in PMF decreased as the value of all 3 of these causal variables increased. The interaction between vacuum and RVM and the lack of interaction between b-phase and RVM is an indication that for a corresponding increase in PMF, increasing the b-phase produced less teat-end tissue congestion than did increasing the vacuum. The effect of LC on PMF increased as milking vacuum increased, supporting the physical principle that the LC required to relieve teat tissue congestion increases as milking vacuum is increased. The increases in AMF with increasing vacuum and b-phase were not as large as the increases in PMF. 
